B-lymphoma Moloney murine leukaemia virus insertion region-1 (BMI1) is a member of the polycomb group of transcription repressors, which functions in stem cell maintenance and oncogenesis through the inhibition of the INK4A/ARF tumour suppressor locus. Overexpression of BMI1 is associated with poor prognosis in several human cancers, including breast cancer. We have previously shown that BMI1 collaborates with H-RAS to induce transformation of MCF10A human mammary epithelial cells through dysregulation of multiple growth pathways independent of the INK4A/ARF locus. In this study, we show that BMI1 collaborates with H-RAS to promote increased proliferation, invasion and resistance to apoptosis in vitro, and an increased rate of spontaneous metastases from mammary fat pad xenografts including novel metastases to the brain. Furthermore, in collaboration with H-RAS, BMI1 induced fulminant metastatic disease in the lung using a tail vein model of haematogenous spread through accelerated cellular proliferation and inhibition of apoptosis. Finally, we show that knockdown of BMI1 in several established breast cancer cell lines leads to decreased oncogenic behaviour in vitro and in vivo. In summary, BMI1 collaborates with H-RAS to induce an aggressive and metastatic phenotype with the unusual occurrence of brain metastasis, making it an important target for diagnosis and treatment of aggressive breast cancer.
Introduction
Although metastasis remains the major cause of mortality in breast cancer patients (Vernon et al., 2007) , mechanisms of metastatic progression and disease recurrence remain poorly understood. Significant improvements have been made in identifying patients at earlier stages of disease, but even patients with minimal disease at initial diagnosis have up to a 30% risk of recurrence many years after the apparently successful treatment of the primary disease (Fisher et al., 2001; Wallgren et al., 2003; Brackstone et al., 2007) . Thus, it is critical that identifying underlying molecular mechanisms regulating metastatic processes in breast cancer be elucidated.
B-lymphoma Moloney murine leukaemia virus insertion region-1 (BMI1), a member of the polycomb group of transcription repressors, was first identified as a Myccooperating oncogene in murine B-and T-cell lymphomas (Haupt et al., 1991 (Haupt et al., , 1993 Jacobs et al., 1999; Dimri et al., 2002) . Several recent studies have suggested a link between BMI1 expression, mammary carcinogenesis (Dimri et al., 2002; Lessard and Sauvageau, 2003) and regional lymph node metastasis in invasive ductal breast carcinoma (Kim et al., 2004) . In addition, BMI1 has recently been associated with a stem cell-like 11 gene expression microarray signature, predictive of a short interval to disease recurrence after therapy, increased likelihood of metastatic disease and poor response to therapy in multiple types of human cancer, including prostate, lung, ovarian, urinary bladder, lymphoma, mesothelioma, medulloblastoma, glioma, acute myeloid leukaemia and breast cancer .
We have recently shown that BMI1 collaborates with H-RAS to transform MCF10A human mammary epithelial cells through dysregulation of multiple growth pathways by INK4A-ARF-independent mechanisms, including the ERK/MAPK and AKT pathways, and induces poorly differentiated and locally aggressive tumours in severe combined immunodeficient mouse xenograft models (Datta et al., 2007) . In this study, we examined the effects of BMI1 expression on enhancing the aggressive properties of tumour cells, including metastasis. We show that the overexpression of BMI1 in MCF10A cells overexpressing H-RAS results in a marked spindle-type change in cell morphology, increased proliferation, increased invasive properties and a markedly decreased apoptotic response to DNA damage. Importantly, the overexpression of BMI1 in MCF10A þ H-RAS cells significantly increases spontaneous metastatic disease in mice with the extremely unusual dissemination of metastases to the brain. Similarly, tail vein cell injection of BMI1-and H-RASoverexpressing cells leads to rapid and fulminant metastatic lung disease, which is not observed with cells overexpressing H-RAS alone. Consistent with these observations, knocking down the expression of BMI1 with short hairpin RNA (shRNA) in several human breast cancer cell lines significantly reduces proliferation and invasion, increases susceptibility to DNA damageinduced apoptosis and delays tumour onset in xenograft models. These results provide functional evidence that BMI1 can cooperate with H-RAS to dramatically increase the aggressive and metastatic properties of tumours, and suggests that BMI1 may be an important target in tumours that overexpress this gene.
Results

BMI1 and H-RAS collaborate to alter the morphological phenotype of MCF10A human mammary epithelial cells in 3D culture
We previously showed that overexpression of BMI1 or H-RAS alone and in combination markedly altered MCF10A morphology in 2D culture (Datta et al., 2007) . We therefore studied the MCF10A-derivative cells grown on Cultrex (R&D Systems, Minneapolis, MN, USA), a 3D basement membrane extract culture (Figure 1 ), to determine whether additional phenotypic alterations could be observed. Cells cultured in the context of a 3D basement membrane extract better recapitulates the in vivo structural scaffolding of the microenvironment than simple 2D culture on plastic. Basement membrane extract culture, therefore, provides a means to better observe how cells may behave in vivo. As expected, parental MCF10A cells formed characteristic round clusters with cells undergoing apoptosis in the central region of the clusters, leading to central lumen formation and polarization of cells around this central lumen, indicative of normal luminal differentiation (Debnath et al., 2002) . However, overexpression of BMI1 or H-RAS alone resulted in the formation of disorganized clusters of cells without central lumen formation and loss of polarity, indicating a block in normal luminal differentiation and dysregulated morphogenesis. Co-overexpression of BMI1 and H-RAS in MCF10A cells led to highly disorganized clusters with a spindle-shaped morphology and frequent mitoses, indicating loss of differentiation as well as a highly proliferative phenotype (Figure 1 ).
BMI1 cooperates with H-RAS to significantly increase cell proliferation and invasion, and inhibit apoptosis in MCF10A cells
Altered expression levels of BMI1 in MCF10A-derived and human breast cancer cells are shown in Figure 2a . Both MCF10A and MCF10A þ H-RAS cells exhibited negligible levels of BMI1 expression, whereas BMI1 was highly expressed in both the MCF10A þ BMI1 and MCF10A þ H-RAS þ BMI1 cells. Overexpression of H-RAS alone in MCF10A cells resulted in a statistically significant increase (Po0.01) in proliferation in comparison with those in parental MCF10A and MCF10A þ BMI1 cells at 1 and 3 days in culture (Figure 2b , left). After 2 days, overexpression of BMI1 or H-RAS alone led to a statistically significant increase in proliferation over MCF10A alone (Po0.01), whereas the combination of BMI1 and H-RAS resulted in the highest increase in proliferation at all time points (Po0.01). Conversely, overexpression of BMI1 or H-RAS alone led to a statistically significant decrease in apoptosis in response to etoposide-induced DNA damage compared with that in parental MCF10A cells, whereas overexpression of both BMI1 and H-RAS resulted in a further statistically significant decrease in The ability of the cell lines to degrade and migrate through extracellular matrix was measured. Although MCF10A cells have negligible (o1%) invasive capability in Matrigel (measured as the number of cells that migrated through the Matrigel barrier), cells overexpressing BMI1 or H-RAS exhibited a 12 and 11% rate of invasion, respectively, compared with parental MCF10A cells, whereas overexpression of both BMI1 and H-RAS resulted in 31% invasion (Figure 2d , left). Together, these data show that BMI1 overexpression leads to increased proliferation and invasion and decreased DNA damage-induced apoptosis and that these effects are greatly augmented through cooperation with H-RAS.
Reduction in BMI1 results in decreased proliferation and increased apoptosis in vitro Short hairpin RNA for BMI1 was used through transduction with LV-pLL3.7 þ BMI1-i to reduce expression of BMI1 in four human breast cancer cell lines that overexpress BMI1: MCF10A þ H-RAS þ BMI1, MCF-7, MDA-MB-231 and ZR75-1. In each cell line, lentiviral transduction efficiency was >95% as indicated by green fluorescent protein (GFP) expression, and BMI1 expression was significantly reduced (Figure 2a ). Proliferation of cells with knockdown of BMI1 was significantly decreased (Po0.01) in comparison with that of cells transduced with empty vector alone (LV-pLL3.7) (Figure 2b , right).
Cell lines were treated with 100 mM etoposide for 24 h, after which relative levels of apoptosis were measured. For the MDA-MB-231, ZR75-1 and MCF-7 cell lines, there was a trend towards an increase in the apoptotic response to etoposide in cells transduced with shRNA for BMI1 ( Figure 2c , right), with a statistically significant increase in apoptosis in the ZR75-1 cell line (Po0.05, Student's t-test), suggesting that the expression of BMI1 in some established breast cancer cell lines confers a resistance to apoptosis induced by DNAdamaging agents. In three of four cell lines tested, knockdown of BMI1 led to a significant decrease in invasion (Po0.05, Student's t-test) (Figure 2d , right). Western blot analysis revealed that MCF10A-derived cell lines treated with etoposide exhibited attenuated p53 and caspase 3 responses, and decreased levels of XIAP ( Figure 3 ). BMI1 increases metastatic incidence and leads to metastatic spread to the brain Although MCF10A and MCF10A þ BMI1 cells did not form primary tumours, MCF10A þ H-RAS and MCF10A þ H-RAS þ BMI1 cells produced primary tumours in 100% of the xenografted animals. In animals xenografted with MCF10A þ H-RAS þ BMI1 cells, tumours developed more rapidly over time compared with animals xenografted with MCF10A þ H-RAS cells (Figure 4a ). Tumours arising from MCF10A þ H-RAS þ BMI1 cells exhibited significantly more activated (phosphorylated) MAPK (Erk1/2) (Thr202/ Tyr204) than MCF10A þ H-RAS cells (Figure 4b ), consistent with our earlier in vitro studies (Datta et al., 2007) . Micro-and macro-metastases were only observed in the livers of 5/10 (50%) and in the spleens of 4/10 (40%) mice receiving MCF10A þ H-RAS cells, whereas metastasis to both the liver and spleen were observed in 10/10 (100%) MCF10A þ H-RAS þ BMI1 xenografted animals ( Figure 5 ). Importantly, spontaneous brain metastasis was found in 3/10 (30%) mice receiving MCF10A þ H-RAS þ BMI1 xenografts ( Figure 5 ), whereas no spontaneous metastases to the brain were found in any of the MCF10A þ H-RAS xenograft mice. This shows that collaboration of BMI1 and H-RAS leads to the highly clinically relevant spontaneous development of brain metastasis from these cells.
BMI1 knockdown slows tumour progression in mammary fat pad xenografts
Our results showed that MCF10A þ H-RAS þ BMI1 cells were highly proliferative and metastatic in fat pad xenografts. Similarly, MDA-MB-231 cells have been well characterized as being tumourigenic and metastatic. As MCF7 cells do not readily form tumours or metastasize in mice, MCF7 and MCF7 cells with BMI1 knockdown were not used for xenograft studies.
MCF10A þ H-RAS þ BMI1 cells expressing empty vector (pLL3.7) or shRNA for BMI1 (BMI1-i) were used for mammary fat pad and tail vein injection experiments. Significant, but incomplete, knockdown of BMI1 (Figure 2a ) did not alter the histological phenotype, nor the incidence of primary or metastatic lesions of MCF10A þ H-RAS þ BMI1 and MDA-MB-231 tumours (data not shown). Tumours arising from cells with BMI1 knockdown were histologically similar to tumours developing from cells without BMI1 knockdown as assessed by haematoxylin and eosin staining reviewed by a veterinary pathologist. However, tumour volumes from MCF10A þ H-RAS þ BMI1 fat pad xenografts with reduced BMI1 expression were BMI1 cooperates with H-RAS to promote brain metastasis MJ Hoenerhoff et al significantly decreased compared with those in cells with higher BMI1 expression ( Figure 4c ) (Po0.05, two-way ANOVA with Bonferroni correction). Similarly, there was a significant delay in the onset of primary tumour formation when MDA-MB-231 cells with BMI1 knockdown were injected into fat pads compared with cells with empty vector (Figure 4d ). In all, 60% of animals at day 49 and 70% of animals at day 56 post injection of control MDA-MB-231 cells transduced with empty vector developed palpable tumours, whereas only 10% of animals injected with MDA-MB-231 cells transduced with shRNA for BMI1 had tumours at these time points (Po0.05, two-way ANOVA with Bonferroni correction). Persistent knockdown of BMI1 in these tumours was confirmed by western blot (Supplementary Figure 1) . Taken together, these data show that decreasing the expression of BMI1 in these breast cancer cells leads to a delay in tumour progression. infiltrative and well-differentiated adenomatous lesions (Figure 6b, left) . In contrast, after only 4 weeks post injection, pulmonary metastases in mice injected with MCF10A þ H-RAS þ BMI1 cells were composed of sheets and bundles of poorly differentiated spindleshaped cells with large pleomorphic nuclei showing a high mitotic rate (2-4 per high-power field), and effacing large portions of the normal pulmonary architecture (Figure 6b, right) .
BMI1 enhances disseminated tumour cell survival
To examine the potential differences in the dynamics of cell survival between GFP-labelled MCF10A þ H-RAS and MCF10A þ H-RAS þ BMI1 cells injected by tail vein, we measured changes in the rates of proliferation, apoptosis and survival of these cells over time in the lungs of mice. Mice were killed at 2 h, 2 days, 1 week and 4 weeks after tail vein injection. Lungs were imaged using an ex-vivo imaging system to detect the presence of GFP-expressing metastatic foci (Figures 6c and d) . At 2 h, the number of MCF10A þ H-RAS or MCF10A þ H-RAS þ BMI1 cells present in the lungs was similar. However, at 2 days post injection, there was a significant decrease in the number of cells in the lungs of MCF10A þ H-RAS-injected mice, indicating massive die-off (Po6 Â 10 À6 , Student's t-test) compared with that in the lungs of MCF10A þ H-RAS þ BMI1-injected mice. At 1 and 4 weeks after injection, MCF10A þ H-RAS þ BMI1 cells continued to proliferate, ultimately culminating in large tumour masses, in contrast to MCF10A þ H-RAS-injected mice, in which few cells were detectable. These data suggest that MCF10A cells overexpressing BMI1 and H-RAS persist and continue to proliferate in the pulmonary circulation to form invasive tumours, whereas H-RAS-overexpressing cells undergo rapid and massive loss soon after injection.
BMI1 enhances proliferation and suppresses apoptosis of MCF10A þ H-RAS metastatic cells Ki67 and terminal deoxynucleotidyl transferasemediated dUTP-biotin nick end labeling (TUNEL) staining were evaluated in pulmonary tumours early in the course of disease and at disease end points-5 weeks post injection for IV xenografts and approximately 60 days post injection for mammary fat pad xenografts (Figure 7 and Supplementary Figure 2) . Early in the course of disease, there was a statistically significant increase in Ki67 labelling at 2 days (Po0.01) and 1 week (Po8 Â 10 À12 , Student's t-test) in tumour cells within the lung in the MCF10A þ H-RAS þ BMI1 group as compared with that in the MCF10A þ H-RAS group (Figure 7a) . A statistically significant decrease in apoptosis was also observed in the tumour cells within the lung (Po0.05, Student's t-test) in the H-RAS þ B-MI1 group as compared with that in the H-RAS group as measured by TUNEL staining (Figure 7b) .
In end-stage tumours, there was significantly greater staining for Ki67 in MCF10A þ H-RAS þ BMI1 fat pad tumours (Po1.3 Â 10 À7 ) and intravenously disseminated lung tumours (Po0.0002, Student's t-test) compared with those arising from H-RAS xenografts (Figure 7c ), indicating that xenografts overexpressing BMI1 and H-RAS have markedly higher proliferative rates than xenografts overexpressing H-RAS alone. In contrast, TUNEL staining was significantly increased (Po0.0002, Student's t-test) in H-RAS fat pad xenografts in comparison with that in H-RAS þ BMI1 xenografts (Figure 7d ). Interestingly, there was a lack of significant TUNEL staining in the end-stage lung lesions from both cells types after intravenous cell injection. This may reflect selection for clones in which apoptotic mechanisms are suppressed for the H-RAS overexpressing cells, given the length of time necessary for the development of these slowly progressive and non-infiltrative lesions. Cells overexpressing both BMI1 and H-RAS seem to have gained the ability to evade apoptosis very early, given these results, and the rapid and fulminant pulmonary tumour phenotype. Table 1 summarizes BMI1 levels and the in vitro and in vivo tumour cell properties of the experiments presented.
Discussion
Recent studies have linked BMI1 expression to a poor prognosis profile in multiple types of cancer, associated with decreased time to disease recurrence and increased metastasis , and anoikis resistance (Glinsky, 2006) . In this study, we provide functional evidence that BMI1 can alter the tumorigenic and metastatic phenotype of breast cancer cells.
Interestingly, our results indicate that the ability of BMI1 to increase the aggressive nature of breast cancer cells is likely context dependent. Although overexpression of BMI1 alone does increase rates of proliferation and invasion, and inhibits the apoptotic response to DNA damage, these effects are significantly augmented in the context of H-RAS, which is overexpressed in up to 20-30% of human breast cancers. These results would suggest that BMI1 leads to additional molecular alterations that have significant effects on the transformed phenotype, possibly through mechanisms involving global reorganization of chromatin.
As the MCF10A cells are mutant for p16/ARF, the effects induced by BMI1 must be due to alterations involving other pathways. In our previous work, we showed that BMI1 collaborates with H-RAS to transform human mammary epithelial cells through the dysregulation of multiple growth regulatory pathways, including the AKT and MAPK/ERK pathways, and cell cycle mediators CDK4 and cyclin D (Datta et al., 2007) . A recently published report also suggests a p16INKaindependent function of BMI1 in promoting Ewing sarcoma (Douglas et al., 2008) . Consistent with our previous in vitro studies (Datta et al, 2007) , we have showed in this study that tumours arising from MCF10A þ H-RAS þ BMI1 cells in vivo express significantly more activated MAPK than tumours from MCF10A þ H-RAS cells.
We have further showed an important role for BMI1 in maintaining tumorigenic properties of several human There is a significant increase in proliferation (a) at 2 days (*Po0.01) and 1 week (**Po8 Â 10 À12 ) and decrease in apoptosis (b) at 2 days and 1 week (*Po0.05) with BMI1 and H-RAS overexpression (10 fields observed minimum). In end stage tumours, there is a significant increase in proliferation (c) in SQ (**Po1.3 Â 10 À7 ) and IV (*Po2 Â 10 À4 ) xenografts and a significant decrease in apoptosis (d) in SQ xenografts (*Po2 Â 10 À4 ) with BMI1 and H-RAS overexpression compared with H-RAS alone.
BMI1 cooperates with H-RAS to promote brain metastasis MJ Hoenerhoff et al breast cancer cell lines. Downregulation of BMI1 in several established breast cancer cell lines results in a significant decrease in proliferation, and increased DNA damage-induced apoptosis. All cell lines with BMI1 knockdown exhibited decreased proliferation and a significant decrease in invasive capability, except the ZR75-1 cell line. Parental ZR75-1 cells are slow growing and non-invasive (Desprez et al., 1998; He et al., 2006) . Knockdown of BMI1 in these cells was lethal over a short time, suggesting that BMI1 is critical for their growth in vitro. This invasive capacity induced by BMI1 expression is consistent with its association with metastatic disease in several types of cancer (Glinsky, 2005) including breast cancer (Kim et al., 2004) . We showed that resistance to DNA damage-induced apoptosis by BMI1 is associated with attenuated p21, p53 and caspase 3 response. Although XIAP, a mediator of cellular survival, is slightly downregulated in MCF10A þ H-RAS þ BMI1 cells treated with etoposide, the balance of anti-and pro-apoptotic mediators is such that these cells remain resistant to the DNA damage-induced effects of etoposide.
Our previous work showed that overexpression of BMI1 alone in MCF10A cells is not sufficient to transform human mammary epithelial cells, whereas overexpression of H-RAS alone or in combination with BMI1 leads to primary tumour formation, with a more poorly differentiated, spindle-shaped morphology and more aggressive tumour growth in vivo when H-RAS and BMI1 are co-overexpressed (Datta et al., 2007) . We have now showed that the overexpression of BMI1 has a marked effect on the incidence and target-organ dissemination of metastases. Primary xenograft tumours in the mammary fat pads arising from MCF10A cells overexpressing both BMI1 and H-RAS are associated with significantly increased incidence of spontaneous metastasis to the liver and spleen, in comparison with MCF10A cells only overexpressing H-RAS. Importantly, 30% of mice with primary tumours overexpressing both BMI1 and H-RAS developed metastases to the brain, whereas no brain metastases were observed in mice with the H-RAS tumours. As the brain is a common location for breast cancer metastases in humans (Tsukada et al., 1983; Bendell et al., 2003; Clayton et al., 2004) but has been extremely difficult to model in animal systems, we believe that this is an extremely important and unique observation. Consistent with these observations, we have shown that knockdown of BMI1 expression in MCF10A þ H-RAS þ B-MI1 cells (Datta et al., 2007) or MDA-MB-231, which carry an H-RAS mutation (Price, 1996; Mukhopadhyay et al., 1999; Campbell et al., 2006) , resulted in a statistically significant delay in tumour development through fat pad implantation compared with that in cells carrying empty vector.
Overexpression of BMI1 has been associated with increased incidences of metastasis in human gastric cancer (Huang et al., 2007) , breast cancer (Kim et al., 2004; Feng et al., 2007) and melanoma (Mihic-Probst et al., 2007) , and in accelerating tumour progression in non-Hodgkin B-cell lymphoma (van Kemenade et al., 2001) , Ewing sarcoma (Douglas et al., 2008) , oral squamous cell (Kang et al., 2007) , nasopharyngeal Table 1 Correlation between BMI1 levels, in vitro studies, and in vivo studies
Cell line
In vitro In vivo (Song et al., 2006) and infiltrative ductal carcinoma (Kim et al., 2004) . These data illustrate the importance of BMI1 in the development of spontaneous metastasis in breast cancer, and suggest that breast cancers overexpressing H-RAS and BMI1 may be more prone to metastasis. Using tail vein injection as a model for direct haematogenous spread of tumour cells, we showed that poorly differentiated and aggressive lung tumours developed rapidly and early (4-5 weeks) in the MCF10A þ H-RAS þ BMI1-injected mice, whereas benign appearing lesions did not appear until late in the course of disease (14-18 weeks) in MCF10A þ H-RASinjected mice. Aggressive lung tumours arising in MCF10A þ H-RAS þ BMI1 tail vein injected mice exhibited a markedly different histological appearance in comparison with the liver, spleen and brain metastases arising from fat pad injection of MCF10A þ H-RAS þ BMI1 cells. Although the mechanisms regulating these phenotypic distinctions are not known, it is possible that differences in the tissue architecture, microenvironments, stromal-epithelial interactions and tensile strengths at the metastatic site are significantly different.
The mechanisms leading to fulminant pulmonary lesions of MCF10A þ H-RAS þ BMI1 cells after tail vein injection compared with MCF10A þ H-RAS cells are because of marked differences in the rates of proliferation and apoptosis between the cells. MCF10A þ H-RAS þ BMI1 cells proliferate in an exponential manner over the course of the disease, although there is a massive early loss of MCF10A þ H-RAS cells by 2 days after injection. In addition, cells overexpressing both BMI1 and H-RAS are highly resistant to anoikis in vitro, exhibiting a 40-fold increase in the rate of proliferation and a two-third reduction in cell death compared with H-RAS-overexpressing cells (data not shown).
In conclusion, we show that expression of BMI1 is critical to the oncogenic behaviour of several established breast cancer cell lines in vitro and in vivo, and most importantly, that the collaboration of BMI1 and H-RAS in human mammary epithelial cells leads to a highly aggressive phenotype that includes increased spontaneous metastasis to the liver and spleen, and novel metastasis to the brain. Furthermore, overexpression of H-RAS and BMI1 enables MCF10A cells to survive, transmigrate and form fulminant pulmonary metastases in a tail vein model through strong induction of cell proliferation and inhibition of apoptosis, suggesting that breast cancers with BMI1 and H-RAS overexpression may be more metastatic and that BMI1 could be a critical molecular target in patients with cancer and metastatic disease.
Materials and methods
Cell lines, vectors and plasmids
Culture of MCF10A, MCF10A þ BMI1, MCF10A þ H-RAS and MCF10A þ H-RAS þ BMI1 cells have been previously described (Datta et al., 2007) . MDA-MB-231 and MCF7 cells were grown in DMEM high glucose 1X (Gibco, Grand Island, NY, USA) supplemented with 10% foetal bovine serum (Gibco) and penicillin/streptomycin (Gibco). ZR75-1 cells were grown in RPMI 1640 with 2 mM L-glutamine (Gibco) supplemented with 10% foetal bovine serum (Gibco), penicillin/streptomycin (Gibco), sodium bicarbonate (1.5 g/l, Gibco), glucose (4.5 g/l, Sigma, St Louis, MO, USA), HEPES (10 mM, Gibco) and sodium pyruvate (1 mM, Gibco). Retroviruses expressing BMI1 and H-RAS were produced and transduced into MCF10A cells as described (Dimri et al., 2002) . Lentivirus containing GFP (pSico) was used to transduce MCF10A þ H-RAS and MCF10A þ H-RAS þ B-MI1 cells by standard protocol (Promega, Madison WI, USA). MDA-MB-231, MCF7, ZR75-1 and MCF10A þ H-RAS þ B-MI1 cells were transduced with BMI1 shRNA lentiviral vector (LV-pLL3.7 þ BMI1-i) and empty shRNA lentiviral vector (LV-pLL3.7), both expressing GFP, kindly provided by Max Wicha . See Supplementary Methods for further details.
Cell proliferation, apoptosis and invasion assays
Cell proliferation assays were carried out using the Cell Titre 96 Aqueous MTS-formazan proliferation assay (Promega). This assay measures the bioreduction of MTS tetrazolium by cells to a coloured formazan dye that is soluble in culture medium and is directly proportional to the number of living cells. Cells were cultured in a 96-well plate at 1 Â 10 3 cells per well (with eight repeats), and growth curves were established by measuring the absorbance at 490 nm at 24 h time intervals after the addition of 20 ml of MTS reagent. Apoptosis assays were carried out using the Cell Death Detection ELISA PLUS sandwich ELISA (Roche, Indianapolis, IN, USA) to detect histone-complexed DNA fragments (mono-and oligonucleosomes) out of the cytoplasm of cells undergoing apoptosis. Cells were cultured in a 96-well plate at 1 Â 10 3 cells per well (with eight repeats) for 24 h. Apoptosis was measured after treatment of each cell line with 100 mM etoposide after 12 and 24 h for MCF10A-derived cell lines, and after 48 h for shRNA expressing or vector control cell lines. Invasion assays were carried out using the BD Matrigel invasion chamber assay (BD Bioscences, Bedford, MA, USA) for BMI1 overexpression experiments (with four repeats), or the CytoSelect 24-well format (with four repeats). This assay measures the ability of cells to invade through a Matrigel matrix overlying a membrane containing 8-mm pores. The Matrigel matrix recapitulates the extracellular matrix in vitro, and occludes the membrane pores, preventing non-invasive cells from travelling across the membrane towards a serum chemoattractant. Invasive cells are able to invade through the Matrigel matrix and through the pores along the serum gradient, and thus the number of cells on the opposite side of the membrane serves as a measurement of invasion. To determine the effects of BMI1 expression on the expression of proteins regulating the DNA damage checkpoint and apoptosis pathways, MCF10A-derived cells were treated for 48 h with 100 mm etoposide (Sigma) and processed for western blot analyses. See Supplementary Methods for additional details.
Western blot analysis
Western blots were carried out using standard assays as previously described (Datta et al., 2007) . See Supplementary Methods for additional details.
Animals, necropsy and histopathology
Cohorts of 10 6-week-old female severe combined immunodeficient mice (NCI Frederick, MD, USA) were injected in the right axillary mammary fat pad with 1 Â 10 6 cells. Tumour growth was measured weekly by calliper. Additional cohorts of 10 6-week-old female mice were injected with 1 Â 10 6 cells through the tail vein. Mice were followed for 6 weeks. Mice were killed once tumours reached 2 cm in diameter, or when mice became clinically ill. All animal work was carried out following NIH guidelines under an approved animal protocol. After killing of the mice that had received intramammary fat pad cell injections, tumour, brain, lung, heart, liver, spleen and kidney were collected, and either frozen in OCT freezing medium or fixed in 4% paraformaldehyde, processed into paraffin blocks, sectioned at 4 mm, and stained with haematoxylin and eosin. Pieces of tumours were snap frozen in liquid nitrogen for further protein and RNA analysis. Selected areas were photographed using an Olympus DP70 (Olympus, Tokyo, Japan) digital camera.
Ex vivo imaging experiments
Green fluorescent protein-labelled MCF10A-H-RAS and MCF10A-BMI1 þ H-RAS cells were sorted by fluorescenceactivated cell sorting for high GFP expression. Two cohorts of 15 6-week-old female mice each were used, and each cohort received 1 Â 10 6 MCF10A-H-RAS þ GFP or MCF10A-BMI1 þ H-RAS þ GFP cells through tail vein injection. Mice were killed at 2 h (n ¼ 2), 2 days (n ¼ 5), 1 week (n ¼ 5) and 4 weeks (n ¼ 3) after injection. Lungs were harvested at the time of necropsy, infused with 1 ml of 1 Â PBS and visualized under a fluorescent microscope to detect GFP-labelled cells (Zeiss, Thornwood, NY, USA). GFP signal was measured at Â 4 magnification and quantified using ImagePro image analysis software (Media Cybernetics, Bethesda, MD, USA) examining at least 10 fields per animal, and expressed as average pixels per field.
Immunohistochemistry and TUNEL assay
Paraffin-embedded and frozen sections of primary tumours and lungs with metastatic lesions were stained using a rabbit polyclonal antibody for Ki67 (Vector Laboratories, Burlingame, CA, USA) or by TUNEL for apoptosis (Chemicon, Temecula, CA, USA) as described in the Supplementary Methods. Ki67 and Apoptag staining was assessed at Â 10 magnification evaluating at least 10 fields per specimen (n ¼ 3), and signal was quantified either as labelled cells per field or by using ImagePro image analysis software (Media Cybernetics, Burlingame, CA, USA) as labelled pixels per field.
Statistical analyses
Proliferation, apoptosis and invasion assays for MCF10Aderived cell lines were analysed using one-way ANOVA with Tukey's post-test. Proliferation, apoptosis and invasion assays using shRNA-induced cell lines were analysed with a Student's t-test (GraphPad Prism 4.02 (La Jolla, CA, USA) was used for all statistical analyses). GFP immunofluoresence, Ki67 immunolabelling and TUNEL staining in intravenous xenografts were analysed using a Student's t-test. Subcutaneous xenograft tumour data from MCF10A-derived and shRNA-induced tumours were analysed with a two-way ANOVA with Bonferroni correction.
